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Total drag on the fore portion of a 150 half-angle cone is in-

vestigated in a rarefied air flow. The principal effort was directed

toward development of a compact, remote balance satisfactory for measure-

ment of the small forces involved. The resulting design gives sufficient

accuracy for the present range of forces investigated, but extension of

the investigation to lower Reynolds number may require design refinement.

Tests were performed at nominal Mach numbers of 2 and 4, over

corresponding ranges of free-stream Reynolds number based on cone slant

length of about 150-1500 and 1000-7000. For most of this range of vari-

ables,9 that part of the drag due to viscous effects is greater than the

inviscid wave drag. The viscous drag includes not only shear drag but

also an appreciable drag component arising from the influence of viscosity

on the pressure distribution. Results indicate that the viscous drag is

10 to 30 per cent greater than first-order boundary-layer predictions.
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Af frontal area = rrLsino

As surface area = IT sino(

CD rag coefficient = -

CDi inviscid drag coefficient

h
C p shear drag coefficient (theoretical)

C;O pressure drag coefficient (theoretical)

F force coefficient = Af

Cp specific heat at constant pressure

(14 cone pressure coefficient =

Coci inviscid cone pressure coefficient =

D drag force = cTdAco5o( + f(Px, P1)dAsirN~ F -- (t 1 A

f tangent-cone pressure parameter (defined in Appendix D)

F measured force

Kci cone boundary-layer Knudsen number 1,5 MciR4/L

k thermal conductivity

I arbitrary length (Appendix E)

L slant length of cone



-4-

LIST CP FIGURE AND TABLES

Table I - Test Data

Table II - Data Corrected to Mach Number of 2 and 4

Figure 1 - One-inch Model in Position in Mach 4 Nozzle

Figure 2 - View with Balance Removed from Housing (One-inch Model)

Figure 3 - Assembly Drawing of Balance

Figure 4 - Measuring Circuit

Figure 5 - Typical Calibration of Wiancko Unit

Figure 6 - Total Drag Coefficient (CD)

Figure 7 - Viscous Drag Coefficient (CD - Cpi)

Figure 8 - Measured Pressure Coefficient (C•)

Figure 9 - Measured Force Coefficient (CF)

Figure 10 - Cone Boundary-layer Geometry



"5-

A; frontal area = IrLýSinf

As surface area = 1TL 35ino•

D
Cp drag coefficient - -

CDi inviscid drag coefficient

C•f shear drag coefficient (theoretical)

C;O pressure drag coefficient (theoretical)

CF force coefficient = f

Cp specific heat at constant pressure

C~c cone pressure coefficient =

C ci inviscid cone pressure coefficient =

D drag force T jTdAco5o( + S (p., p,) dA si r) F + (p, - pi) A~.

-tangent-cone pressure parameter (defined in Appendix D)

F measured force

1.5 Me,Kci cone boundary-layer Knudsen number = -

Raj/L.

k thermal conductivity

I arbitrary length (Appendix Z)

L slant length of cone



-6-

MI free-stream Mach number

Mci cone Mach number from inviocid theory

P. stagnation pressure

P, free-stream pressure

PC measured cone (housing) pressure

Pd.•, pressure at cone surface from inviscid theory

Px local cone pressure

free-stream cbnamic pressure = ½ 91V1

qCj dynamic pressure at cone surface from inviscid theory = -¢cVci

r cone radius

free-stream Reynolds number (based on L)

Rcj Reynolds number from inviscid solution for pC,,# Tiq M1r;

(based on L )

local l (based on X )

To stagnation temperaturep absolute

"T", free-stream temperature, absolute

TCi temperature at cone surface from inviscid theory, absolute

U X-component of velocity

Ux wall (slip) velocity
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V y-component of velocity

VI free-stream velocity

VCi velocity at cone surface from inviscid theory

X distance along cone from tip

Y distance normal to cone surface

cone half-angle

(S tangent-cone half-angle (see Figure 10)

specific heat ratio (1.40)

6* displacement thickness of boundary layer (theoretical)

E slip coefficient (defined in Appendix 3)

e boundary-layer slope in X-Y plane (see Figure 10)

fL absolute viscosity

free-stream density

density at cone surface from inviscid theory

a- Prandtl number

local cone shear stress

w viscosity exponent
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Report No. HE-150-114

CONS MAG IN A RIMIER GAS FLOW'

1.0 LMTODUCTION

The problem of drag on the fore portion of a cone has al-

ready received attention in studies of normal-density gas flow and
in studies of highly-rarefied free-molecule flows, In the inter-

mediate slip-flow regime9 however, information on cone drag has been

almost completely absent, What little information there was consisted

of theoretical fragments that might be pieced together from the

analyses of Lin% Schaaf and Sherman (Ref. 1) and Drake and Maslach

(Ref. 2) to provide a rough estimate of cone drag in this intermedi-

ate regime.

The present tests are intended to supply empirical drag

information for these flows, as well as to provide possible clues
to the theoretical formulation of the flow problem. The tests fall

in what is usually termed the slip-flow regime. The mean free path
of the gas adjacent to the cone surface ranges from 10 to 15 percent

of the calculated displacement thickness of the boundary layer at the

base of the cone. The flows are therefore closer to normal-density

flows, where the mean free path is much smaller than any. significant
body or boundary-layer dimension, than to free-molecule flows, where

the-mean free path is much larger than any significant dimension.

Comparable slip conditions could be obtained at noripal densities only

by test of a model of the order of a few ten thousands of an inch long.

Besides the presence of slip and associated rarefaction pheno-
mena, the probability of appreciable interaction between the boundary

layer and the free stream also serves to distinguish the present flow

regime from normal-density flowsq where interactions are unimportant

except at hypersonic velocities. The low density of the present tests

gives rise to low Reynolds numbers and thick boundary layers, which,

coupled with a supersonic free stream, suggest the possibility of sig-

nificant interactions. The calculated displacement thickness of the

boundary layer builds up to as such as about 0.02 inches at a point
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two inches from the cone tip.

Information on cone drag in the flow range investigated

has practical application to flight at high altitudes, The pressure

level of the tests correspond to around 30 miles elevation; however$

the results provide a description, of the drag on only the first couple

inches of the cone at such an altitude9 and are therefore of most

value for flight at somewhat higher altitudes, where the reduction in

density gives larger corresponding lengths at the same Reynolds

number.

Perhaps of greater value that its direct application is

the potential use of information on cone drag in the general develop-

ment of viscous- and slip-flow theory, Of the various configurations

exhibiting some susceptibility to mathematical analysis, the cone

is one of the easiest to approximate experimentally. The flat

plate, though more popular with the analyst., is difficult to simulate

in the wind tunnelos finite thickness and aspect ratio introduce un-

certainties. or at least unwanted variables, and the problem of

measuring local pressure or temperature is likely to be difficult.

These complications are not present for the cone.

Despite its advantagess, the cone does have problems of

its own, One of the most serious arises in drag measurement, where

it is desired to measure the force on a portion of the cone. To

keep the effect of the resulting gap between the parts negligibleg

the gap width must be narrow, and decrease in gap width with drag

must be small. Also, the pressure within the model must be at or

near the cone surface pressure in the vicinity of the gap. Other-

wise, flow through the gap would distort the external flow, as well

as complicate the problem of determining the internal force.

These considerations suggested the use of a force-sensing

unit enclosed within the model body, A variable-reluctance unit

made by the Niancko .Engineering Companyr capable of detecting de-

flections of the order of one-nillionth of an inch, was chosen as

the force-sonsing unit, since it enabled model deflection to be held

to a small value without remote positioning. Enclosure of the unit

____ ____ _-- ~ ____ _ __
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within the model housing permitted maintenance of cone surface pressure

within the housing.

Photographs and sketches of the models and balance used are

shown in Figures 1, 2 and 3. The basic cone has a slant length of

3.70 inches and a vertex half-angle of 150. The drag model shown in

these figures constitutes the forward inch of the cone. A model

oonatitutilg the forward two inches *s also tested. The models

were supported So that their axial motion was essentially restrained

only by the Wiancko unit. The drag force, less the internal pres-

sure force on the model, thus acted directly to deflect the Wiancko

armature, which is elastically supported. The attendant reluctance

changes of the Wianako unit were detected by the circuit ashown in

Figure 4. The d-c bridge circuit shown in this figure was used to

measure the resistance of the Wiancko coils which provided an indi-

cation of the temperature within the housing. Additional description

of the apparatus is included in Appendix A,

Primary calibration of the balance was accomplished by

calibration of the Wiancko unit alone, using gram weights. A typ-

ical calibration, covering the force range encountered with the

one-inch model 9 is shown in Figure 5. Because of the large zero

shift caused by temperature change (nearly 2 mg per *F), calibra-

tion was performed at several temperatures and corrected to a

standard value. A secondary calibration was performed with the

model in place in the tunnel by applying weights to the calibration

arm (Figure 3,9 Part 10), access to which was possible by removal of

the plug in the bottom of the housing0 The chief function of the

latter calibration was to determine the temperature sensitivity of

the supporting structure so that test readings could be corrected

to the standard temperature. It also served to check possible

mechanical interference with the moving parts.

Tests were made using two nozzles giving Mach nubers of

approximately 2 and 4. Force and pressure measurements were taken

over a range of tunnel pressure of 50 to 180 microns Hg. absolute

in the Each.2 nozzle and 50 to 140 in the Mach 4 nozzle. Appendix



-1-

A includes a brief description of the experimental apparatus. Details

of the calibration and testing techniques are included in Appendix D.

Reduction of data is discussed in Appendix C.

2.0 ]NSCRIPTION (Y RESULTS

The final results are shown in Figure 6. The upper curves

are the measured drag coefficients, shown compared to theoretical

curves derived from boundary-layer analysis. The latter curves are

discussed in Section 4.0. Although different in magnitude, the

theoretical and experimental curves display similar trends and com-

parable Mach-number dependence. Because of the variation of Mach

number with Reynolds number in each nozzle, each of the four model-

nozzle combinations gives separate curves, though, apparently by

coincidence, the curves for the Mach 2 nozzle fall on top of one

another. In each of the nozzles the Mach number increases about ten

per cent from lowest to highest flow rate. The increase arises from

the change in effective area ratio caused by the thinning of the nozzle

boundary layer as the Reynolds number increases.

The lower curves of Figure 6 are corrected to constant Mach

number. The technique of-correction is explained in Appendix D. It

is based on the Mach-number dependence indicated by the theoretical

boundary-layer curve. All of the curves of Figure 6 pertain to

the total drag, which includes the axial component of the pressure

force (relative to free-stream pressure) as well as the axial com-

ponent of the shear force.

The results are presented in an alternative form in Fig-

ure 7, which shows the drag due to viscous influences. This drag

is equal to the difference between the total drag and the inviscid

drag., and can be interpreted as the sum of the shear drag and the

increment of pressure drag caused by viscosity. The pressure-drag

increment arises from interaction between the cone boundary layer

and the external flow, and can be associated with the alteration in
the effective shape of the cone by addition of the boundary layer.

Presentation of the data in this form makes comparison with theory

simpler.
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The pressure measured within the housing is presented in

Figure 8. Ideally this pressure is equal to the cone surface preS-

sure at the gap. Actually it probably differs somewhat because of

imperfect gap alignment. This conclusion is based primarily on the

absence of a simple explanation for the deviations between theory

and experiment seen in the figure. The consistent deviations seen

in the drag curves are not present here. Unfortunately, gap effects

are hard to distinguish from Mach-number effects. At a particular

Reynolds number the two curves for a particular nozzle represent not

only different models (hence gaps) but also different Mach numbers.

The apparent failure of the measured cone pressure to match the

surface pressure in evidently not a manifestation of large dis-

turbances in the external flow near the gap, for the drag results

show no irregularities that can be easily traced to the gap, The

chief drawback in the pressure discrepancy is that it makes sepa-

rate determination of the components of shear and pressure drag

impossible. It is doubtful, however, that even accurate knowledge

of the gap pressure would provide a complete enough pressure pic-

ture, since the evaluation of the pressure drag would require ex-

trapolation of this information to the cone tip, i.e.,`to a Reynolds

nvmber of zero.

Figure 9 shows the variation of force on the model. Beyond

being one of the measured ingredients of the drag, the curves have

little significance. The sum of the force coefficient CF and the

cone pressure coefficient Cp of Figure 8p minus the free-stream

pressure coefficient P1/q, , is equal to the total drag coefficient.

Had the viscous pressure drag been negligible and had the measured

cone pressure matched the surface pressure, the force coefficient

would have been identical to the shear drag coefficient. Since the

first requirement is almost certainly not met, and the second also

unlikely to be met, the force coefficient has little or no signifi-

cance by itself, except to indicate the internal consistency of the

data.

The results are also tabulated in Tables I and II. Certain
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additional information is obtainable from these tabulations. In

particular, Reynolds number and Mach number based on the inviscid

solution for pressure, temperature, and velocity at the cone sur-

face are included. These parameters could serve as independent

variables for the data presented, and may have some advantage in

certain theoretical comparisons, since boundary-layer theory uti-

lizes these variables. Free-stream parameters were used in their

place for the sake of simplicity.

3.0 ACCURACY

The magnitude of error in the force measurement was possi-

bly one to two milligrams for the one-inch model and two to three milli-

grams for the two-inch model. This estimate is based on observed hy-

stersis during calibration and repeatability during test and calibra-

tion. Such errors amount to a maximum error of slightly over one per

cent of the measured force for the Mach 2 tests and slightly under

one per cent for the Mach 4 tests.

Hystersis amounted to about 0.2 per cent of the maximum

load. It was observable in approximately equal measure in calibration

of the Wiancko unit by itself and in calibration of the balance as a

whole. It seems likely, therefore, that hystersis effects in the

model support were negligible. This conclusion is well supported by

a study of the possible magnitude of hystersis due to the support.

Additional scatter stems from correction of the force

readings for temperature, which is complicated by the inevitable

thermal transients associated with control of the housing temperature,

The magnitude of the temperature correction was in general less than

five milligrams. Since the temperature coefficient could be deter-

mined accurately to five per cent or better, the only appreciable
error in correcting for temperature was in the temperature determi-

nation itself. If the balance and housing temperature are uniform,

precise determination of temperature is possible by the measurement

of the Wiancko coil resistance. During heating or cooling, however,

the Wiancko coil temperature lags the armature temperature, and is

therefore not a reliable measure of the temperature influencing the
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to make measurements only during near-aequilibrium thermal conditions.

Force errors due to the model support structure were proba-

bly negligible. Measurement of restoring force and calculation of

thermal effect supports this; however, testing experience does raise

doubts. In the tests of the two-inch model no support influence was

detectable, but in the tests of the one-inch model an appreciable

temperature effect due to the support was present. This defect was

presumably caused by minor misalignment of the support members0  Its

effect was only to increase the thermal zero shift, not to alter

the gradient, so that it was taken care of by the normal technique

of temperature correction, and no correction of the Wiancko gradient

was required. Its presence, however, increased the possibility of

scatter due to temperature corrections.

Unfortunately, hidden sources of error are present in the

apparatus that conceivably could overwhelm the observed scatter and

hystersis. One grave possibility is undetected error due to cali-

bration changes during test0 The Wiancko unit is capable of appreci-

able zero shifts if subjected to moderate mechanical or thermal shocks0

Shifts of the order of 10 to 20 miligrams are quite possible from such

cause0 It seems likely, however, that any shocks capable of producing

such changes would occur during starting and during temperature ad-

justment at the first (and always the highest) flow rate0 Since the

zero readings were always taken at the conclusion of the run, and since

the schedule of flow rate was such that the forces progressively de-

creased, the liklihood of appreciable zero shifts between successive

flow rates and between flow and no-flow conditions does not seem

strong.

Also present to raise doubts about the validity of the force

measurements is the possible influence of temperature gradients within

the balance. The design of the Wiancko unit is such that slight dif-

ferences in temperature of the legs supporting the armature produce

serious changes in reading. The housing was designed to minimize such

temperature gradients; however, it must be recognized as a possibility

that the distribution of temperature in the balance may have been dif-
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ferent during test and during calibration.

A pessimistic view of possible hidden errors in the force

determination does not seem justified, in view of the apparent con-

sistency of the test results. The original estimate of about one

per cent or better accuracy in the force measurements seems the most

reasonable. It .should perhaps be notedhowever, that attainment of

such accuracy with the present equipment requires care and patience.

The primary source of error is almost certainly the de-

termination of free-stream static pressure, which could not be

measured by direct means. In the Mach 4 nozzle, the nozzle wall

pressure was considered an approximate measure of the free-stream

pressure. Previous experience with this nozzle indicates that such

an assumption should be reliable within one to two per cent or bet-

ter. The nozzle has been found to have shock-free expansion, the

variation in impact pressure throughout the test cone being no more
than one per cant (Ref. 3). In this nozzle, therefore, the free-

stream pressure determination, though an important source, is not

a large source of error.

The Mach 2 nozzle is a different story. Impact-pressure

measurements of the test region reveal appreciable pressure grad-

ients and evidence of imperfect expansion (Ref. 4), Since evalu-

ation of the free-stream properties is at present not possible with-

out the assumption of isentropic expansion, a sure picture of the

nature of the test region is not obtainable. Axial pressure varia-

tion' calculated from stagnation and impact pressures in Ref. 4

amounts to six per cent at the highest flow rate and 16 per cent

at the lowest, over the region between the cone tip location and

a point two inches downstream. Corresponding Mach-number variation

amounts to two per cent at the highest flow and five per cent at

the lowest. Because of these apparent nonuniformities, accurate

specification of free-stream properties for the present tests would

not be possible even with direct measurement.

The indirect determination of free-stream pressure from wall-

pressure measurements is possible in the Mach 2 nozzle, but the wall

pressure is not so reliable a guide as in the Mach 4 nozzle. Because
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of wall shocks, the wall pressure is normally two to ten per cent

above the (presumed) free-stream pressure. The ratio of wall pressure

to free-stream pressure is predictable as a function of flow rate, so

that the wall pressure measurement could serve to establish the free-

stream pressure. It was decided, however, that prediction of free-

stream Mach number had a better chance of accuracy than prediction of

this pressure ratio. The free-stream Mach number, like the wall-to-

stream pressure ratio, is available from the nozzle calibration of

Ref. 4. It is estimated that the static pressure resulting from

this assumption is within about five per cent of the appropriate

free-stream value.

The errors in determination of pressures other than the

static pressure are not significant. Stagnation pressure was mea-

sured directly to an accuracy of better than one-half per cent in

the Mach 2 nozzle and better than 0.2 per cent in the Mach 4 nozzle.

Cone-pressure measurement was even more precise. Possible error in

temperature measurement is also unimportant, but might be as large as

one-half per cent.

Based on the foregoing considerations of force, pressure,

and temperature accuracy, an estimate of possible error in drag co-

efficient and Reynolds number can be obtained. The preceding dis-

cussion suggests the use of the following figures as representative

of the accuracy of data from the Mach 2 nozzle: force, one per cent;

static pressure, five per cent; stagnation pressure, one-half per

cent; cone pressure, one-half per cent; stagnation temperature, one-

half per cent. For the Mach 4 nozzle the same figures may be con-

sidered to apply except for the static and stagnation pressures, for

which figures of two per cent and 0.2 per cent, respectively, will

be considered to obtain. Based on the assumption of isentropic ex-

pansion the corresponding accuracy in Mach number and dynamic pres-
sure is two per cent for each in the Mach 2 nozzle, and one-half per
cent and one and one-half per cent, respectively, in the Mach 4 noz-

zle. The associated errors in drag coefficient amount to five per

cent for the Mach 2 nozzle and two and one-half per cent for the

Mach 4 nozzle, with corresponding Reynolds number error of two and

one-half and one and one-half per cent. These figures are in general
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indicative of the accuracy at the lowest Reynolds numbers- however,

most of the error can be traced to static pressure error, which will

exert comparable influence at high Reynolds number.

Besides the possible errors in measurement, there are possi-

ble errors in simulation of the desired flow. The tests were intended

to simulate adiabatic flow over an infinite cone in an infinite uni-

form flow field. With the exception of the uniformity of flow, which

has already been discussed, it is probable that all of these require-

ments have been satisfactorily met. Some departure from adiabatic flow

ins present, but probably not serious. The stagnation temperature

for the tests was room temperature, so that the recovery tempera-

ture of the air adjacent to the model surface was somewhat below

the temperature of the surroundings. The possible heat transfer,

however, even with the model surface at room temperature, was small:

calculation reveals a possible error from this source of around one

per cent. It is reasonable, therefore$ to interpret the data as

valid for an adiabatic wall.

The finite extent of the cone and the flow field were evi-

dently not serious flaws. Of course there was no real desire to simu-

late an infinite cone nor an infinite flow field. More properly

stated it was desired simply that the limits of the cone and the

flow field be far enough away to be uninfluencialo The requirements

appear to have been met, The change in ratio of model length to total

length "of the conical surface does not appear to have influenced the

flow over the model appreciably. no "shoulder effect3 is detectable

in the data. Also, analysis of possible boundary interference indi-

cates that the extent of the flow field is probably adequate; and.,

again, the data display none of the symptoms of imperfection.

From this analysis of accuracy, the major defects of the tests

become clear, Improvement in accuracy over the range of the present

tests requires use of a better Mach 2 nozzle, and more precise deter-

mination of free-stream.propertieso In addition to these requirements,

extension to low Reynolds number requires improvement of force measure-

ment. Reduction of model length by two, for example will reduce the

measured force by about three, and begin to make force errors signifi-

cant.7
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4.0 COMPARISON WITH THEORY

The boundary-layer results presented for comparison in

Figures 6 and 7 are based on a simple first-order analysis. The

shear stress was evaluated from a compressible boundary-layer solu-

tion conforming to the inviscid flow about the cone, The correspond-

ing pressure correction was evaluated from consideration of the in-

viscid flow about the effective body formed by the cone plus dis-

placement thickness. A tangent-cone approximation (Ref. 5) was

used as the basis for this pressure calculation. The analysis

provides a correction to the inviscid drag of first order in

neglecting terms of second order (RJ')and higher. The details of

the calculation are presented in Appendix D,

The theoretical curves obtained in this fashion show the

same trends with Mach number and Reynolds number as the experimental

curves. Throughout the range of the tests, however, the theory con-

sistently underestimates the drago The theoretical curves of CD- CPi,

for example, lie 10 to 30 per cent below the experimental, the de-

viations being greater at low Reynolds number.

The deviations between theory and experiment appear too

large to be explained by either error in the tests or by approxi-

mations in the boundary-layer calculation. They seem to be a clear

indication of influence beyond the reach of the first-order boun-

dary-layer analysis.

Although some refinement of the calculation of first-

order terms is admittedly possible, it is hardly significant. To

consider a limiting case, the increase in shear caused by a complete

neglect of compressibility would succeed in obtaining agreement be-

tween theory and experiment only at the highest Mach and Reynolds

numbers; and this gain would be partially offset by the associated

decrease in the pressure correction. The possibility of a signi-

ficant underestimation of the pressure correction is also remote.

The tangent-cone approximation is certainly not a perfect device;

however, the results of Ehret (Ref. 5) and Talbot (Ref. 6), suggest

that the tangent-cone approximation already overestimates the pres-

su.r.
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Failure of the first-order boundary-layer terms to pre-

dict the proper drag, encourages contemplation of possible second-

order effects. These effects may arise from three sources: inter-

action between boundary layer and the adjacent stream, rarefaction,

or boundary-layer curvature. These influences all become important

in a compressi'ble flow if the Reynolds number is sufficiently de-

creased.

Apparently the first of these to gain prominance in a super-

sonic flow is the interaction. A part of the drag due to inter-

actions is already included in the present boundary-layer calculation,

since interaction gives rise to a first-order pressure-drag term. A

second-order pressure-drag term as well as a second-order shear term,

are also obtainable by further analysis of the interaction. Of these,

the shear term is almost certainly the more significant. Its value

could be obtained by recalculation of the boundary layer to account

for the induced pressure gradient and change in pressure level at

the seam of the boundary-layer. An evaluation of this term has been

made for a flat plate by Maslen (Ref. 7) and, for hypersonic flow,

by Lees and Probstein (Ref. 8). It is probable that much of the

deviation between the present tests and the first-order boundary-

layer theory at the higher Reynolds numbers can be accounted for in

the analogous second-order shear term for the cone.

SRarefaction will also introduce higher-order terms, but

probably nothing much of second order. This presumption is based on

the flat-plate analyses of Maslen (Ref. 7) and Lin and Schaaf (Ref. 9).

Maslen considers all rarefaction phenomena within the framework of

boundary-layer theory and concludes that, to the second order, rare-

faction effects appear only in the boundary conditions (viz, as slip

and temperature jump). He further finds the shear unaffected to the

second order, Lin and Schaaf (considering only slip) reach the

same cohclusiono In addition they evaluate a displacement thickness

change. Such a change would, for the cone, give rise a second-order

pressure-drag term, but second-order pressure drag terms arising from

a change in boundary-layer thickness can hardly amount to much,

whether from slip or interaction.
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Like interaction, boundary-layer curvature may also be an

important source of second-order effects° Boundary-layer theory

assumes that the boundary-layer is t mflat*, i.e., that its thickness

is small compared to the radius of curvature of the streamlines or

the wall. It is not likely that the streamline curvature is suf-

ficient to introduce any large second-order effects; however, the

curvature of the cone surface normal to the flow direction can pro-

bably not be ignored. Seban and Bond's analysis of axial flow over

a cylindrical surface (Ref. 10) suggests that a second-order shear

term of appreciable magnitude may be present from this cause.

-Analysis of these various influences has not been extended

to the cone. Although flat-plate boundary-layer solutions can be

transformed by the Mangler transformation, the transformation does

not yield the corresponding physical solution for the cone if in-

teraction or slip is present. This shortcoming of the Mangler trans-

formation is demonstrated in Appendix E. The effect of boundary-

layer curvature is also unknown for the cone, The Mangler trans-

formation, being subject to the usual boundary-layer restrictions,

cannot be expected to provide any clues. Speculation about the

nature of flow over a cone is therefore difficult with only flat-

plate analysis as a guide.

Besides looming large, the task of evaluating the second-

order corrections to shear and pressure may prove unprofitable. The

deviations between theory and experiment do not appear susceptible

to so easy an explanation. Close analysis of the differences be-

tween theoretical and experimental points suggest a second-order

deviation only at the highest Reynolds numbers. Uncertainties in the

data supply a restraint to drawing positive inferences from the re-

sults; however, there are unmistakable trends in the nature of the

deviations as the Reynolds number decreases (see Figure 7)0 At the

highest Reynolds numbers the deviations are proportional to R1

but as the Reynolds number decreases the exponent of R, increases

continuously to a value of - * or more. The conclusion suggested

by these observations is that not only second-order, but third-

and higher-order influences are rapidly coming into prominance at
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these low Reynolds numbers.

The present idea of ordering terms may therefore prove

unsatisfactory. Because of the asymptotic nature of the boundary-

layer approach, it inevitably breaks down toward the cone tip. If

the tip region is not a small fraction of the flow, the use of the

ordinary boundary-layer solution as a starting point is inappropri-

ate: such an approach has no chance of describing the tip flow.

Prominence of the tip flow in the over-all drag picture appears to

be indicated by the present tests.

The hypersonic analysis of Lees (Ref. 1) demonstrates the

changes in viewpoint that may be required. From analysis of two-

dimensional flow he. finds that in regions of *strong interaction*

between the boundary layer and the exterior flow, the 'first-order'

shear is not expressed by the usual boundary-layer solution. Instead

he finds the first approximation to the shear to be proportional to

R- o . This analysis has not been extended to the cone, so that

estimates of the strength of interaction and the nature of the pos-

sible shear terms, are not available. Furthermore, in the present

regime of flow it is likely that an analysis of the strong interaction

region should also include slip, which is neglected in the hypersonic

analysis. However, the chances appear good that the presence of some

sort of strong interaction between the boundary flow and the exterior

flow at the tip is having appreciable influence, and that mere re-

finements to boundary-layer results will not be adequate to explain

the observed discrepancies.

The present results, then, provide possible indications of

the nature of the cone viscous layer. Some support for the present

interpretations is also provided by the flat-plate data of Sherman

(Ref. 12), who finds comparable deviations from bounday-layer theory.

Further drag investigations at lower Reynolds number and over a more

continuous range of Mach number are greatly needed to support the de-

velopment of satisfactory thebry, but even the present results are

suggestive of the complexity of the problem.
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5.0 C0NCLUSIONS

(1) The drag coefficient curves are probably accurate to two to

three per cent or better at Mach 4 and perhaps five per cent

at Mach 2. Major source of error is in determination of free-

stream conditions. Better control or evaluation of flow con-

ditions is a prerequisite for better results.

(2) Compared to boundary-layer theory, the results show similar

trends and comparable Mach-number dependence, but greater drag.

Experimental results for viscous drag are 10 to 30 per cent

above predictions based on first-order boundary-layer analysis

of shear and pressure distribution. The difference between

theory and experiment does not appear to be explainable in

terms of second-order deviations from the boundary-layer theory,

(3) Force measurements appear to have been sufficiently accurate for

the purposes of the present investigation, but accuracy will be-

come marginal at Reynolds numbers appreciably below those in-

vestigated. Temperature sensitivity and susceptibility to cali-

bration change make the balance difficult to use. Improvements

in ruggedness and better control of or compensation for tem-

* perature are indicated.

(4) Pressure within the housing does not appear to provide a

precise measure of cone surface pressure. This defect does

not influence the total drag detectably. It does, however,

make separation of pressure and shear drag impossible without

supplementary cone pressure data.

r
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APPENDIX A

nMSCRIPTION OF APPARATUS

Al.O VO•LS AND HOUSING

The two cones were machined of dural. The configuration

of the one-inch cone is shown in Figure 3. The two-inch cone was

similar; however, the lip was 0.030 inches thick, whereas the one-

inch cone was tapered to a 0.005 inch lip to reduce the influence

of any pressure disturbance at the gap. The continuation of the

conical configuration by the housing gives an over-all cone length

of 3.70 inches,

The housing was so designed that internal parts of the

balance would be almost completely surrounded by a relatively thick

wall of dural that would attain a fairly umiform temperature despite

variations in surface heat-transfer rates over the model. The

housing is supported by a strut having a diamond cross-section

with a 15" half-angle leading edge and a thickness of about half

an inch. The strut carries a pressure line from the interior of

the housing and also serves to support the external electrical

leads.

To provide control of the temperature within the housing,

nichrome strip was closely spaced along the cylindrical portion of

the housing and covered with a layer of asbestos. A layer of drafting

tape insulates the strip from the housing. Similar tape was used to

secure the asbestos. The heater has a resistance of about 5 ohms,

and was supplied with 0.3 to 1.3 amperes, depending on heating re-

quirements.

The gap between the model and housing was designed to be

0.010 inches for the two-inch model and 0.005 inches for the one-inch

model. These values were not met with precision in the final assembly,

the gaps being perhaps 10 to 20 per cent oversize. Precise adjust-

ment of the model position was difficult. Alignment of the model was

adjusted visually, and minor deviations (of the order of 0.001 to

0.002 inches) were detectable in the final assembly.
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A2.0 MODEL SUPPORT

The models are supported by a sting (Figure 3, Part 29)

that attaches to a yoke (Part 27) surrounding the Wiancko unit.

The yoke is supported at two points by 0.005-inch lateral wires.

The wires are strung between vertical members at the bottom of which

are similar wires that attach to fixed points directly below the

points of attachment of the yoke. Tension in the wires is controlled

by differential-pitch turnbuckles (Part 22) running between the

vertical members.

Support of the model from below gives rise to a negative

restoring force that counteracts the small positive restoring force

of the wires. Additional counteraction is obtained by adding weights

(Part 59) to the tops of vertical members. By adjustment of the mag-

nitude and position of the counterweights, the restoring force of the

wires can be completely compensatedg so that the supporting structure

exerts no restraint on the axial motion of the model and yoke. In

practice the restoring force of the support was reduced to ±L 0.1 per

cent or less of the Wiancko restoring force.

A3.0 WIANCK0 UNIT

A hair (Figure 3, Part 1) connects the yoke to the armature

of the Wiancko unit. The armature is flexibly supported about its

center, so that application of force at the upper end widens the

,upper gap and narrows the lower, thus changing the relative reluc-

tance of the two magnetic circuits. Deflection of the end of the

armature amounts to about 10-6 inches per milligram. Three leads

from the Wiancko unit are carried out of the housing through waxed

seals at the rear (Part 7)0

The Wiancko unit was operated with gaps between the arma-

ture and the pole pieces of about 0.020 inches. When supplied with

3.2-kilocyclep 20-volt power it gave a midpoint voltage swing of

about 0.12 millivolts per milligram.

The unit was originally supplied by the Wiancko Engineer-

ing Company of Pasadena. The present unit includes minor modifi-
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cations in gap size, casing, and method of force application.

A4.0 MEASURING CIRCUIT

Power supply for the measuring circuit is a Hewlitt-

Packard oscillator (Type 200 AB). Force measurement utilizes the

200-ohm helipot which has a guaranteed linearity of 0.1 per cent.

The decade voltage divider permits shifting of the helipot zero as

the load range changes. The decade resistor and zeroing helipot,

which provide additional range and zero control, were maintained

at fixed values of 3000 and 80 ohms, respectively, during all testing.

The d-c bridge circuit shown was used to measure the

Wiancko resistance, which serves as an indication of the temperature

within the model housing. Measurement of resistance change was

accurate to about 0.01 ohms. or better than 0.02 per cent. In

terms of temperature this amounts to better than 0.16F accuracy.

The circuit was so designed that the dissipation in the Wiancko unit

during resistance measurement was about the same as during normal

operation in the force-measuring circuit, thereby minimizing the

thermal transient accompanying switching.

All fixed resistors in the circuits were wound from man-

ganin, baked, and vacuum impregnated.

A5.0

The tests were performed in the continuous-flow open-jet

wind tunnel described in Ref. 13. The basis for design of the Mach

2 nozzle (No. 6) is described in Ref. 14, and the performance in

Ref. 4; the design and performance of the Mach 4 nozzle (No. 8)

are described in Ref. 3.

The ttnnel Is instrumented with a precision butyl-phthalate

U-tube manometer, described in Ref. 15, and a precision mercury McLeod

gage, described in Ref. 16, for pressure measurement. Tunnel pres-

sure level is controllable by throttling the flow from the test chamber

into the ejectors that drive the tunnel. Flow rate into the tunnel

is measured by a rotameter.
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APPENDIX B

TEST PROCEDUIE

BI.O TUNNEL OnWATION

All testing was performed with the tip of the cone centered

in the nozzle and one inch upstream from the exit plane (see Figure 1).

This selection was based on exploratory axial traverses of the two-

inch model.

Prior to each run the balance housing and connecting

pressure leads were leak tested with a mass spectrograph. All tests

reported are for operation without detectable leaks.

Standard tunnel conditions were secured by setting the

ejector valve to give equality of the chamber pressure and wall pros-
sure at the exit of the nozzles ioe.o a 'balanced 3 Jet.

Stagnation-chamber pressure, nozzle-wall pressure, test-

chamber pressure and cone pressure were measured with the McLeod

gage when possible, and with the manometer. Stagnation-chamber

temperature was measured with an iron-constantan thermocouple.

The temperature within the model housing was maintained

approximately constant at a standard value of about 100*F by manual

control of the heating current. Drag readings and Wiancko resistance

readings were taken three to five or more times at each flow condition.

Zero readings were taken at the conclusion of the run before the tun-

nel was brought up to atmdspheric pressure.

B2oO CALIBRATION

After each run the plug (Figure 3, Part 57) was removed

from the bottom of the housing and a calibration performed over the

range of readings encountered during the run. Two such calibrations

were madeas one at or near the standard temperature and one at am-

bient temperature. Normally the Wiancko resistance changed about

five ohms between the calibrations. These calibrations were used to

correct the drag readings to the standard temperature.
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Upon completion of tests of one model, the Wiancko unit

was calibrated directly. This was accomplished by partial disas-

sembly of the balance so that weights could be hung directly from

the hair (Part 1). The calibration was conducted in the tunnel

with the housing swung into a vertical position and the Wiancko

unit returned to approximately its original location inside. Again

calibrations were made at two temperatures so that corrections could

be made to the standard temperature.

Class S analytical balance weights were used in the cali-

brations. Subsequent calibration of the weights revealed a maxi-

mu error, for the weights used, of 0.03 mg.

I.

II
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APPENDIX C

RE•DUTION 01. DATA

C1.O CALItATION DATA

Based on calibrations at two temperatures, the temperature

response of the Wiancko unit was plotted as a function of potentio-

meter reading, and from this all calibration points were corrected
to the standard temperature. Deviations of the corrected calibration

from a basic straight-line calibration were then plotted. These de-

viations amounted to several milligrams, and followed a consistent

pattern as a function of potentiometer reading.

C2°0 TEST DATA

Force readings were corrected to the standard temperature

by use of the secondary balance calibration, and converted to milli-

grams by use of the Wiancko calibration. In this conversion, cor-

rection was made for the non-linearities in the Wiancko calibration.

In the Mach 4 nozzle free-utxvam conditions were based on

the measured stagnation chanber tempeasture ard pressure and the

nozzle wall pressure, the latter being assumed equal to the free-

stream static pressure. The nozzle flow ms assumed isentropio

with 1.40.

The isentropic flow assumption was also made for the Mach

2 nozzle; however, wall pressure measurements were ignored in deter-

mining free-stream conditions. Instead, Mach numbers were assumed

equal to those measured at the cone tip location (one inch upstream

from the exit plane) in independent nozzle calibrations at the same

flow rates (Ref. 3).

Reynolds-number evaluation was based on viscosity obtained

from Sutherland's equation for air, as tabulated in Ref. 17. The

thersodynamic properties were based on the perfect-gas law for air.

Ideal cone-surface conditions were obtained by use of plots

made from the Kopal tables (Ref. 18).
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C3,0 CM[M3TION.FOR MACH NUMBE

Correction of the drag-coefficient data to constant values

of Mach number of 2 and 4 utilized the comparison between test and

theory discussed in Sectiorl4.0o. The theoretical changes in the

value of viscous drag coefficient CD - CD between test conditions

and the standard Mach nunbers of 2 and 4 (as determined from the

equations of Appendix D) were added to the test values of CD- ti to

give the corrected viscous drag coefficients. Corrected values of

total drag coefficient CD were then obtainable by addition of the

inviscid drag coefficients corresponding to Mach numbers 2 and 4.

For convenience, correction was made to a constant stagnation temp-

erature of To - 530OR as well as to constant values of Mach number.

,I



- 30-

APPENDIX D

THEORETICAL DRAG

D1.0

As a first approximation the skin friction can be evalu-

ated by transforming the boundary layer on a flat plate by the Mangler

transformation (Ref. 19, see also Appendix E). For a flat plate with

no pressure gradient, slip, nor heat transfer, Yoimg*(Ref. 20) gives

for the integrated shear coefficient,

[+ 0.65- (D-1)

For such a boundary layer the transformation to a cone is simply

> ;I + ,365(y-)M; T' (D-2)

if the flow at the seam of the boundary layer is presumed to approxi-

mate the inviscid solution. Expressed as a shear drag coefficient

Eq. D-2 becomes

~ I + 0.3 0(y-O)McýC~ ] ~)~ Coto( (D-3)

For ti 1.40, T = 0.723, W0 - 0.785 and O( - 15, Eq. D-3 becomes

7 3 .[1 4-0pj1a
C - - 1 '- o c, R6 (D-4)

D2.0 PRESSU RA lG

The pressure distribution can be approximated by evalu-

ating the inviscid pressurg on a cone tangent to the boundary layer

(the local tangent-cone approximation, Ref. 5). Such a cone would

have a half-angle of

doc+ to (n-s)
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(see Figure 10)0 The displacement thickness 6*may be approximated

by Howarth's flat-plate boundary layer (Ref. 21), which corresponds

to W. and T of unity. Use of the less-exact Howarth solution is

justifiable for the pressure drag, since the effect of the boundary

layer on pressure is small compared to its effect on shear. The

Howarth displacement thickness transforms by the Mangler transform-

ation to

=2 0, + 0-7Mi) (D-6)
dX {

so that

0(+0+0,27M' (D-7)

The relationship between and the pressure may be satis-

factorily approximated, for present purposes, by a tangent to the

inviscid solution for cone pressure as a function of cone angle.

This approximation evaluates the first-order correction; closer ap-

proximation of the relationship gives terms of higher order in RZ .
With this approximation

P, C (0- (0, M,) (D-8)

where-.- 
-

ThefunM,)tion . a(.,)M, (D-9)

The function is the slope of the tangents to constant M 1lines

in the vs. P plane. From Eqs. D-7 and D-8

p, : cii + 0 + 0. 277 Myi) (D-l0)
IINI

The pressure drag is therefore

(D-11)= Af [PO, P, + 0 p + 0 -7C
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with the corresponding drag ooefficient

C~~ O= i 4y ~ ~ (D-1.2)

where CDi is the inviscid drag coefficient.

.1
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APPENDIX R

THE MANGLER TRANSFORMATION AND ITS LIMITATIONS

The Mangler transformation (Ref. 19) provides a technique
for transforming compressible two-dimensional boundary-layer solu-
tions to rotationally symmetric bodies. If X and y are coordinates

along the boundary layer and normal to it, respectively, and tu and

V are the corresponding velocities, the boundary-layer equations
for a rotationally symmetric body are, for a perfect gas with con-

stant specific heats,

ax ýy ~ ax ay ý

er)+ e rv) 0 (E-2)

eo aT + ep T u + (LT) + 2'(E3Fx ay y ýy ýyJ
where r is the radius of the body, a function of X o These equa-

tions are based on the same approximations as two-dimensional boun-
dary-layer theory, except that the requirement that the boundary-
layer thickness be small relative to the radius of curvature of the
wall is generalized to include both radii of curvature.

The Mangler transformation transforms these coordinates

by the following relations:

= (E -10

.r

r'L
A2 fy x-5

a - r x dX +67
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The dependent variables are siamilarly transformed; however, all

but V go over unchanged:

X(x, y) =(E8

vO~YI ) r Tx..9

P (3-x0

T(x, y)= ¶(7,7) (i-u)

i(xy) = j (K,7) ((-1))

With these transformation equations E-l, E-2 and 3-3 become

~+ -- +
+U +~ (3-1

+a T (+-+6)

These equations are identical to the boundary-layer equations for

two-dimensional flow. In the transformation equations Y is an

arbitrary length. Associated with these transformations, one can

also write for the boundary-layer thickness and wall shearI
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= ()

The latter equation is strictly valid only for zero slip or alter-

native3y for zero all curvature in the flow direction. If, however,

slip and wall curvature are both present, it is merely necessary that

the mean free path be.small compared to radius of curvature. Since

a slip boundary-layer solution is limited to mean free paths small

compared to the boundary-layer thickness, Eq. E-19 is clearly a safe

approximation even with slip.

For the cone

'= X 5in o (1-20)

so that the transformation is simplified to the extent that

dr/dx is a constant(siroo), and, more important, Eq. Z-4 can be

integrated to give

SX•
~ ~5i)Lo((E-21)

Thus the flat-plate solutions for shear and displacement thickness

(with zero slip and zero pressure gradient),

C'
f (1-22)

transform, respectively, to

X5 XI(f(-

5*ý (E-2-5)C2 q_3
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The boundary conditions transform unchanged, making these equations

a valid statement of the boundary-layer solution for the cone (again,

with zero slip and zero pressure gradient).

Unfortunately, the physical correspondence of flat-plate

and cone solutions is destroyed if pressure gradient is introduced.

The transformation does not permit control of the pressure boundary

condition, which in general suffers distortion in the transformation.

It is immediately evident, therefore$ that if one transforms a flat-

plate solution with a self-induced pressure gradient, the chance is

remote that the transformed solution will correspond to the cone so-

lution with a self-induced pressure gradient. For all practical

purposes the flat-plate with zero pressure gradient is apparently

the only flat-plate solution that transforms into the corresponding

physical solution for the cone.

A similar and more easily demonstrable complication arises

in the transformation of slip solutions. If the two-dimensional

solution has the simple slip boundary condition

- = (E-26)

where 6 is presumed a constant (equal approximately to the ratio of

mean free path to viscosity), the transformed boundary condition for

the rotationally symmetric body is, from Eqs. E-8, B-9 and E-19,

G =0 (E-27)

The constant slip coefficient has thus transformed to a slip coef-

ficient varying inversely with body radius.

It seems clear, then, that the Mangler transformation is

of limited utility in making flat-plate solutions available to the

cone, unless the boundary conditions of the flat-plate soultion are

so general that the transformed boundary, conditions can be adjusted

to match the physical requirement of the cone flow. Analysis of the V
effect of slip or self-induced pressure gradients cannot be borrowed

from flat-plate investigations; direct investigation of the cone pro-

blem is necessary0
.;J
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FIG. I

ONE-INCH MODEL IN POSITION IN MACH 4 NOZZLE

FIG. 2

VIEW WITH BALANCE REMOVED FROM HOUSING
(ONE- INCH MODEL)
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